Tan CO, Tzeng YC, Hamner JW, Tamisier R, Taylor JA. Alterations in sympathetic neurovascular transduction during acute hypoxia in humans. Am J Physiol Regul Integr Comp Physiol 304: R959 -R965, 2013. First published April 10, 2013 doi:10.1152/ajpregu.00071.2013Resting vascular sympathetic outflow is significantly increased during and beyond exposure to acute hypoxia without a parallel increase in either resistance or pressure. This uncoupling may indicate a reduction in the ability of sympathetic outflow to effect vascular responses (sympathetic transduction). However, the effect of hypoxia on sympathetic transduction has not been explored. We hypothesized that transduction would either remain unchanged or be reduced by isocapnic hypoxia. In 11 young healthy individuals, we measured beat-by-beat pressure, multiunit sympathetic nerve activity, and popliteal blood flow velocity at rest and during isometric handgrip exercise to fatigue, before and during isocapnic hypoxia (ϳ80% SpO 2), and derived sympathetic transduction for each subject via a transfer function that reflects Poiseuille's law of flow. During hypoxia, heart rate and sympathetic nerve activity increased, whereas pressure and flow remained unchanged. Both normoxic and hypoxic exercise elicited significant increases in heart rate, pressure, and sympathetic activity, although sympathetic responses to hypoxic exercise were blunted. Hypoxia slightly increased the gain relation between pressure and flow (0.062 Ϯ 0.006 vs. 0.074 Ϯ 0.004 cm·s ; P Ͻ 0.01). The pressor response to isometric handgrip was similar during normoxic and hypoxic exercise due to the balance of interactions among the tachycardia, sympathoexcitation, and transduction. This indicates that the ability of sympathetic activity to affect vasoconstriction is enhanced during brief exposure to isocapnic hypoxia, and this appears to offset the potent vasodilatory stimulus of hypoxia. isocapnic hypoxia; muscle sympathetic nerve activity; vascular control HYPOXIA IS A POTENT STIMULUS to the cardiopulmonary system in humans. Both resting heart rate and vascular sympathetic outflow are significantly increased during acute hypoxia (21, 25, 28, 43) , and the elevation in sympathetic outflow can persist up to 1 h beyond the period of exposure (38, 44, 45) . However, the elevated sympathetic activity does not elicit a parallel increase in either vascular resistance or arterial pressure (15, 25, 37, 38) . This apparent uncoupling between steady-state sympathetic activity and vascular tone may indicate an alteration in the ability of sympathetic outflow to effect an increase in vascular resistance, i.e., lesser sympathetic neurovascular transduction. For example, hypoxia can result in inhibition of norepinephrine release (18) and arteriolar desensitization to sympathetic stimulation (42). This suggests a reduction in sympathetic neurovascular transduction and may explain the lack of increased resistance in the face of marked sympathoexcitation. Conversely, it is possible that sympathetic transduction may not be altered during hypoxia. Vasodilatory ␤-adrenergic (5, 27) and nitric oxide (6, 26) pathways are stimulated by hypoxia, and so the lack of increases in vascular resistance and arterial pressure during hypoxia may simply reflect a shift to a new steady-state balance between local vasodilators and sympathetic vasoconstriction. Indeed, ␣-adrenergic blockade results in a pronounced reduction in regional resistance during hypoxia (43), suggesting that sympathetic vasoconstriction may simply be offset by hypoxia-mediated vasodilation. However, these data do not explicitly define the effect of hypoxia on sympathetic neurovascular transduction in humans. Therefore, we sought to quantify the effect of acute isocapnic hypoxia on sympathetic neurovascular transduction in young healthy individuals.
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; P Ͻ 0.01). The pressor response to isometric handgrip was similar during normoxic and hypoxic exercise due to the balance of interactions among the tachycardia, sympathoexcitation, and transduction. This indicates that the ability of sympathetic activity to affect vasoconstriction is enhanced during brief exposure to isocapnic hypoxia, and this appears to offset the potent vasodilatory stimulus of hypoxia. isocapnic hypoxia; muscle sympathetic nerve activity; vascular control HYPOXIA IS A POTENT STIMULUS to the cardiopulmonary system in humans. Both resting heart rate and vascular sympathetic outflow are significantly increased during acute hypoxia (21, 25, 28, 43) , and the elevation in sympathetic outflow can persist up to 1 h beyond the period of exposure (38, 44, 45) . However, the elevated sympathetic activity does not elicit a parallel increase in either vascular resistance or arterial pressure (15, 25, 37, 38) . This apparent uncoupling between steady-state sympathetic activity and vascular tone may indicate an alteration in the ability of sympathetic outflow to effect an increase in vascular resistance, i.e., lesser sympathetic neurovascular transduction. For example, hypoxia can result in inhibition of norepinephrine release (18) and arteriolar desensitization to sympathetic stimulation (42) . This suggests a reduction in sympathetic neurovascular transduction and may explain the lack of increased resistance in the face of marked sympathoexcitation. Conversely, it is possible that sympathetic transduction may not be altered during hypoxia. Vasodilatory ␤-adrenergic (5, 27) and nitric oxide (6, 26) pathways are stimulated by hypoxia, and so the lack of increases in vascular resistance and arterial pressure during hypoxia may simply reflect a shift to a new steady-state balance between local vasodilators and sympathetic vasoconstriction. Indeed, ␣-adrenergic blockade results in a pronounced reduction in regional resistance during hypoxia (43) , suggesting that sympathetic vasoconstriction may simply be offset by hypoxia-mediated vasodilation. However, these data do not explicitly define the effect of hypoxia on sympathetic neurovascular transduction in humans. Therefore, we sought to quantify the effect of acute isocapnic hypoxia on sympathetic neurovascular transduction in young healthy individuals.
To assess the functional effect of sympathetic activity on blood flow, we used isometric handgrip exercise as a physiological approach. Isometric handgrip exercise elicits a highly reproducible pressor response mediated by progressive increases in muscle sympathetic nerve activity (33) that are causally related to decreasing leg blood flow in a feed-forward manner, providing a nonpharmacological method to quantify regional sympathetic neurovascular transduction (16) . During isometric handgrip exercise, sympathetic activity traverses a physiological range from resting to very high levels (16, 20, 31, 34) , so that we could accurately determine the relation between sympathetic nervous outflow and blood flow (39) . Moreover, handgrip exercise does not significantly change cutaneous vascular conductance (11, 19) , and there is no functionally significant effect of hypoxia on skin blood flow responses to moderate exercise (29) . Therefore, potential confounding effects of cutaneous vasodilation are avoided. We hypothesized that sympathetic neurovascular transduction would either remain unchanged or be reduced by isocapnic hypoxia.
MATERIALS AND METHODS
Subjects.
Eleven volunteers (25 Ϯ 3 yr old, 6 males) participated in this study. All subjects gave their written informed consent to participate. All studies were conducted between 8 AM and 12 PM, and all subjects had abstained from caffeine-containing beverages for at least 12 h and from alcoholic beverages and exercise for at least 48 h prior to the study. All subjects were nonsmokers and free of elevated resting blood pressures and overt autonomic or cardiovascular diseases. None of the participants were using prescription medications. This protocol was approved by institutional review board at Spaulding Rehabilitation Hospital (#2010-P-000960) and conformed to the Declaration of Helsinki.
Protocol and measurements. Photoplethysmographic arterial blood pressure waveforms in a finger (Finapres, Ohmeda, Louisville, CO) and standard three-lead electrocardiogram were recorded continuously throughout the study. Oscillometric brachial pressures were recorded at 2-min intervals as a check for photoplethysmographic finger pressures throughout the study session. Multiunit postganglionic muscle sympathetic activity was recorded from the peroneal nerve (41) . Neural activity was amplified, band pass filtered, rectified, and integrated to create sympathetic neurograms for real-time inspection. Raw unfiltered multifiber nerve activity was recorded at 20 kHz for off-line processing using the algorithm developed in our laboratory to quantify moment-by-moment sympathetic nerve activity (40) . Popliteal artery blood flow velocity was recorded from a 4-MHz Doppler probe (Multi-Dop T2; Compumedics DWL, Singen, Germany) at the popliteal fossa of the leg contralateral to the nerve recording. End-tidal carbon dioxide concentrations and inspired volumes were recorded throughout all protocols via an infrared analyzer (VacuMed) connected to a mouthpiece with two-way respiratory valve. Oxyhemoglobin saturation was measured every minute via a pulse oximeter (GE Dash 2000). All signals were digitized at 20 kHz and stored (PowerLab, ADInstruments, Colorado Springs, CO) for subsequent off-line analysis.
Following instrumentation, each subject's maximal voluntary handgrip force was determined from at least three maximal contractions on a handgrip dynamometer. After a 5-min resting baseline, subjects performed sustained isometric handgrip exercise at 35% of their maximum voluntary contraction with the nondominant hand to fatigue. During exercise, target force was displayed on a computer monitor and set at 35% of the maximal voluntary handgrip force. Subjects were provided continuous visual and auditory feedback from the investigators to ensure maintenance of target force until exhaustion, which was defined as a decrease in handgrip force of Ͼ10% below the target for Ͼ2 s despite verbal encouragement and the attainment of a maximal perceived exertion.
Following handgrip exercise, acute isocapnic hypoxia was induced using the partial rebreathing system described by Banzett et al. (3) . Briefly, subjects breathed through a leak-free face-mask (8940 Series; Hans Rudolph, Kansas City, MO) attached to a large tube that acts as an expiratory alveolar gas reservoir. Subjects inspired from a bag reservoir containing premixed inspiratory gases regulated by a highimpedance constant flow source. The degree of hypoxia was adjusted by altering the inspiratory gas mixture while holding end-tidal concentration constant. When required, the length of the expiratory alveolar gas reservoir tube was altered to adjust end-tidal concentrations. Subjects were exposed to moderate hypoxia by breathing 100% oxygen blended with 100% nitrogen with end-tidal CO 2 clamped at baseline levels to maintain oxyhemoglobin saturation (SpO2) at ϳ80% for 20 min. Twenty minutes of exposure to hypoxia ensured that a steady state (in terms of ventilation and cardiovascular responses) was consistently achieved by all subjects (Fig. 1 ). Following this 20-min period, subjects performed a second isometric handgrip exercise to fatigue during the isocapnic hypoxia.
Data analysis. Raw multifiber muscle sympathetic nerve activity was analyzed using the algorithm recently developed and validated in our laboratory (40) . This analysis involves explicit steps to remove noise and movement artifacts and to identify nerve firings on the basis of the statistical properties of background noise. The result is a sympathetic nerve firing with minimal noise that can be quantified as spikes (i.e., nerve firings) per second or per beat. We have previously shown that this algorithm provides an accurate representation of sympathetic activity with greater temporal resolution than sympathetic burst identification.
After application of the algorithm to the sympathetic activity, we derived neurovascular transduction for each subject as previously described (39) . This approach uses a transfer function in the time domain that is equivalent to an autoregressive model reflecting Poiseuille's law of flow, specifically:
where /8 is constant, ⌬P is the pressure gradient and the term r 4 /(L) is directly proportional to vessel conductance (4). The approach assumes that pressure drives flow within the same beat, whereas sympathetic activity affects vessel conductance over a longer period. Thus, considering the time course of sympathetic effect, Eq. 1 is rewritten as
That is, blood pressure (⌬P) affects blood flow (F) linearly within the same beat, and sympathetic activity affects vessel conductance via a time-dependent transfer function equivalent to an autoregressive model (⌺ (8) . The parameter k provides an estimate for the gain of blood pressure; the parameters (c t) for each time point t provides a transfer function in the time domain between sympathetic activity and blood flow, and the sum of all parameters provides an overall sympathetic neurovascular transduction estimate. Although changes in diameter over time would confound the estimate of vessel conductance, previous work has shown that acute hypoxia does not alter femoral or popliteal artery diameter at rest or during moderate exercise (22, 35) . Moreover, femoral and popliteal artery diameter remains unchanged with stimuli that increase flow (calf exercise) (32) and that decrease flow (cold pressor test) (23) . We normalized the blood flow velocity for each individual to the first 30 s of (normoxic or hypoxic) handgrip exercise [blood flow velocities during the first 30 s of exercise were not different compared with that at rest (11.9 Ϯ 1.2 cm/s at rest vs. 12.9 Ϯ 1.4 cm/s during the first 30 s of handgrip exercise)]. In this way, we were able to accurately and reliably capture changes in blood flow, while accounting for intersubject differences in basal flow velocity.
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Although the changes in arterial pressure, sympathetic nerve activity, and blood flow during handgrip exercise are progressive, we have previously shown that their relation is unrelated to the overall duration of handgrip exercise (39) . Therefore, estimation of the regional neurovascular transduction via this method is not impacted by nonstationarity in the signals themselves. All models were estimated using beat-by-beat signals down-sampled to 4 Hz via custom-written software in MatLab (Mathworks, Natick, MA) and R-Language Environment for Statistical Computing (R Foundation). We used Akaike's information criterion (1) to maximize the goodness-of-fit of the models. We have also calculated the resistance (mmHg·s·cm Ϫ1 ) at rest and at the end (last 30 s) of handgrip exercise during normoxia and hypoxia as the ratio of mean blood pressure to popliteal blood flow.
Statistics. All variables were normally distributed (Shapiro-Wilk test), and so parametric statistics were used for all comparisons. Hemodynamic responses to handgrip exercise and during normoxia and hypoxia were compared using a two-way repeated-measures ANOVA using hypoxia and handgrip exercise as independent factors (normoxia vs. hypoxia and baseline vs. last 30 s of exercise). Blood pressure gain and sympathetic neurovascular transduction during hypoxia were compared between hypoxia and control (normoxia) conditions using Student's paired t-test. The level of significance was set at P Ͻ 0.05. All data are presented as means Ϯ SE.
RESULTS
By design, exposure to isocapnic hypoxia resulted in a significant reduction in arterial oxygen saturation (98.7 Ϯ 0.3% vs. 78.9 Ϯ 0.8%, P Ͻ 0.01) without any change in end-tidal carbon dioxide (45.3 Ϯ 1.6 vs. 45.3 Ϯ 1.5 mmHg) at rest. As expected, inspired volume (liters: 0.49 Ϯ 0.04 vs. 0.87 Ϯ 0.19, P ϭ 0.07), minute ventilation (l/min: 7.0 Ϯ 0.6 vs. 14.6 ϩ 3.5, P ϭ 0.06), heart rate, and sympathetic nerve activity increased (spikes/min: 450 Ϯ 49 vs. 727 Ϯ 62, bursts/min: 11 Ϯ 2 vs. 14 Ϯ 2, and total activity, arbitrary integration units: 477 Ϯ 62 to 794 Ϯ 144, all P Ͻ 0.05), whereas arterial pressure and popliteal flow remained unchanged from normoxia (Table 1) .
Average maximum voluntary contraction (MVC) force was 34 Ϯ 3 kg. All subjects sustained isometric handgrip exercise at 35% of their MVC to fatigue for a similar duration during normoxic and hypoxic exercise (290 Ϯ 17 vs. 247 Ϯ 14 s; P Ͼ 0.1). Handgrip exercise elicited significant increases in heart rate, blood pressure, and sympathetic activity under both con- Fig. 2 . Box-and-whisker plots of changes in mean pressure, heart rate, sympathetic activity and popliteal blood flow with isometric handgrip exercise (exercise-rest) during normoxia and isocapnic hypoxia. The boundaries indicate 25th and 75th percentiles; the line and the point within the box mark the median and the mean, while the whiskers show the 10th and 90th percentiles.
ditions (Table 1 and Fig. 2 ). Sympathetic responses to handgrip exercise were lower, although not statistically different during hypoxic exercise (Table 1 and Fig. 2 ; handgrip ϫ hypoxia interaction P ϭ 0.19 for spikes/min and P ϭ 0.12 for spikes/ 100 heartbeats). However, the difference in sympathetic responses to handgrip exercise was statistically significant when hypoxia-mediated changes in resting sympathetic activity were taken into account (percent change from rest: 328 Ϯ 27% vs. 204 Ϯ 28%, paired t-test, P ϭ 0.002). At the end of handgrip exercise, absolute arterial pressure and sympathetic nerve activity were similar between the two conditions, whereas the absolute level of heart rate and blood flow velocity achieved were higher during hypoxic exercise (Table 1 ; P Ͻ 0.01 for both). The sympathetic neurovascular transduction assessment captured the majority of the relationship between changes in blood flow, arterial pressure, and sympathetic nerve activity. The percent variance explained (R 2 ) was similar during normoxia and hypoxia, averaging more than 80% for both. The gain relation between arterial pressure and blood flow was slightly higher during hypoxia than normoxia (0.062 Ϯ 0.006 vs. 0.074 Ϯ 0.004 cm·s Ϫ1 ·mmHg Ϫ1 ; P ϭ 0.04), with an increase in 7 out of 11 individuals (Fig. 3) . However, sympathetic neurovascular transduction increased in all individuals during hypoxia, almost doubling from Ϫ0.024 Ϯ 0.005 to Ϫ0.042 Ϯ 0.007 cm·s Ϫ1 ·spike Ϫ1 (P Ͻ 0.01; Fig. 3 ). (The increase in transduction was not related to the handgrip duration [linear regression R 2 ϭ 0.09, P ϭ 0.17), or a change in inspiratory volume (R 2 ϭ 0.005, P ϭ 0.34), ventilatory rate (R 2 ϭ 0.26, p ϭ 0.10), or minute ventilation (R 2 ϭ 0.07, P ϭ 0.24)]. Change in neurovascular transduction was not related to the change in the gain relation between arterial pressure and blood flow (R 2 ϭ 0.001, P ϭ 0.92). The time course of sympathetic effect was similar in terms of the time to maximal sympathetic effect (normoxia: 5.5 Ϯ 0.6, and hypoxia: 5.4 Ϯ 0.5 s), but the total duration of the sympathetic effect tended to be shorter during hypoxia (normoxia: 11.4 Ϯ 0.3 vs. hypoxia: 10.5 Ϯ 0.3 s; P ϭ 0.11). There were no sex differences in the gain relation between arterial pressure and blood flow, sympathetic neurovascular transduction, or the time course of sympathetic effect (P Ͼ 0.1 for main effect or interaction for all comparisons).
Given the almost doubling of sympathetic transduction but only modestly lower sympathoexcitation with isometric exercise, we were surprised to find that the average resistance response to handgrip was significantly less (Table 1) . Moreover, despite this, the blood pressure responses were similar. However, there was a much more marked variability in the heart rate and sympathoexcitatory responses to hypoxic handgrip exercise (see Fig. 2 ). Therefore, we explored whether alterations in the tachycardia and sympathoexcitation coupled with the changes in transduction provide insight into the blood pressure response during hypoxic exercise. A multiple linear regression of blood pressure differences as a function of differences in tachycardia, sympathoexcitation, and transduction was derived. The combination of these three factors were highly predictive (R 2 ϭ 0.74, P Ͻ 0.05; Fig. 4 ). This suggests that a balance between tachycardia and sympathoexcitatory responses with respect to the change in transduction accounts for differences in how the pressor response was mediated during normoxic vs. hypoxic exercise.
DISCUSSION
In contrast to expectations, we observed an increase in sympathetic neurovascular transduction during isocapnic hypoxia. We have previously shown that assessment of neurovascular transduction via Poiseuille's law is unrelated to the overall duration of handgrip exercise and that it is highly reproducible across repeated isometric handgrip exercises (39) . Therefore, the consistent increase in sympathetic neurovascu- Fig. 4 . Predicted vs. actual differences (normoxia-hypoxia) in pressor response (mmHg) to isometric handgrip exercise. The x-axis shows the differences predicted from the multiple linear regression using differences in tachycardia, sympathoexcitation, and transduction as independent variables. Percent variance explained (R 2 ) is adjusted to account for the number of parameters and sample size. lar transduction during isocapnic hypoxia is unlikely to be related to the duration or order of handgrip exercises. The increases in neurovascular transduction were not qualitatively impacted by sex. We did not control for the menstrual phase in female subjects. However, unless all women were, by chance, at the very same phase of their menstrual cycle (an improbable coincidence), it is unlikely that menstrual phase was responsible for the consistent increase in the female subjects. Although the magnitude of response could be impacted by hormonal status in women, our findings are broadly representative of the effects of hypoxia in young healthy humans. The increase in neurovascular transduction was not only consistent, occurring in every subject, but also large, with the majority of subjects increasing by at least 50%. Thus, our results show that the overall ability of sympathetic activity to effect vasoconstriction is enhanced by hypoxia and is not diminished despite the hypoxic vasodilatory effects. Moreover, the increase in transduction is balanced by the integrated responses to isometric handgrip exercise, such that the same absolute arterial pressure is achieved at the end of hypoxic exercise.
Acute hypoxia stimulates vasodilatory ␤-adrenergic pathways (5, 27) and endothelial nitric oxide release (6, 24, 36) , but coupled with an increase in sympathetic outflow, vascular resistance is maintained (38) . Nonetheless, the presence of potent vasodilators during hypoxia might suggest less effective sympathetic neurovascular transduction, and this was one of our primary hypotheses. However, arterioles in a dilated state may possess greater capacity to vasoconstrict. For example, vascular responses to a given level of sympathetic stimulation is higher after drug-induced vasodilation, partly due to increased smooth muscle fiber length (30) . The augmented sympathetic transduction during hypoxia could simply reflect increased responsiveness of the vasculature due to the vasodilatory effects of ␤-adrenergic receptor stimulation and/or endothelial nitric oxide release. However, although responses varied across subjects, on average, there was no change in either basal blood pressure or popliteal blood flow with hypoxia. Thus, hypoxia did not consistently result in arterial vasodilation, and so this cannot fully explain the augmentation of sympathetic neurovascular transduction seen in every single subject.
Many physiological input-output systems have characteristic sigmoidal relations, such that small-output responses are seen at very low (subthreshold) or very high (saturation) input levels, while larger responses are seen between these regions (2) . One might surmise that greater tonic sympathetic outflow during hypoxia simply moves the relationship into the region with the greatest vascular response. However, despite increases in resting sympathetic activity with hypoxia, the average increase in activity with handgrip exercise traversed a similar range and reached a similar absolute level by end-exercise compared with normoxia. Thus, it does not seem likely that greater tonic sympathetic firing can account for the increase in sympathetic transduction during hypoxia.
Lastly, acute alterations in adrenergic responsiveness could occur. For example, even 10 min of hypoxic exposure results in greater ␣ 1 -adrenoreceptor density and increased production of second messengers in cardiomyocytes, leading to enhanced adrenergic responsiveness (17) . If these hypoxia-induced changes also apply to vascular smooth muscle, they may underlie the augmented sympathetic transduction. On the other hand, vasoconstrictor responses to pharmacologically provoked norepinephrine release do not appear to change during exposure to mild to moderate hypoxia (12, 13) . However, sympathetic neurovascular control is a dynamic process, and vasoconstrictor responses to pharmacologically evoked norepinephrine release represent only a snapshot rather than the range of responses. Therefore, it remains possible that alterations in noradrenergic function play a role in augmented sympathetic transduction during acute hypoxia.
We also observed a small but significant increase in the effect of blood pressure on blood flow (i.e., stronger blood pressure gain) during hypoxia. Given the lack of a relation between hypoxia-mediated increase in neurovascular transduction and blood pressure gain, it is unlikely that the former underlies the latter. However, greater tonic sympathetic activity could underlie the hypoxia-mediated increase in blood pressure gain. Pharmacological, electrically stimulated, and reflex activation of sympathetic outflow reduces distensibility of small-and medium-sized arteries in both animals (9, 10, 14) and humans (7) . Thus, higher sympathetic activity during hypoxia may reduce arterial distensibility and, thereby, enhance the "driving force" of blood pressure into flow.
There are a myriad of potential physiological contributors to augmented sympathetic neurovascular transduction during acute hypoxia. Nonetheless, our aim was not to tease apart these various contributors but to determine whether the relationship between sympathetic activity and blood flow reflected a change in neurovascular transduction. Our work lays a foundation for future work to consider the role of various contributors to the hypoxia-mediated differences in sympathetic neurovascular transduction. To our surprise, despite an apparent dissociation between sympathetic activity and vascular tone, sympathetic neurovascular transduction was markedly and consistently enhanced during hypoxia. Thus, merely observing the steady state balance between sympathetic outflow and vascular resistance does not capture the underlying regulatory physiology. Despite the increased neurovascular transduction, limb blood flow decreases and resistance increases were not augmented by hypoxia. However, it should be noted that the increase in sympathetic activity with handgrip was ϳ25% less, in part, because of the increase in transduction (see Fig. 4 ). In addition, the gain relation between arterial pressure and blood flow was roughly 30% greater. Hence, the balance of these factors determining regional flow responses to handgrip exercise would appear to explain the effect of hypoxia. Nonetheless, the physiological relevance of our sympathetic neurovascular transduction estimate is evidenced by the relationship the changes in transduction had to the altered tachycardia and sympathoexcitation during hypoxic exercise. Across individuals, these three factors were strongly determinative of differences in the isometric handgrip pressor response. The magnitude of change in transduction was balanced by changes in tachycardic and/or sympathoexcitatory responses to result in the same absolute arterial pressure at the end of hypoxic exercise. Future work should examine the roles of vasodilatory substances, sympathetic nerve firing patterns, and/or noradrenergic function in mediating the increased sympathetic neurovascular transduction consequent to isocapnic hypoxia.
Perspectives and Significance
In contrast to our initial hypothesis, we observed a large and consistent increase in sympathetic neurovascular transduction during isocapnic hypoxia. We further found that hypoxiamediated changes in chronotropic and sympathoexcitatory response to exercise, and those in sympathetic neurovascular transduction together account for differences in the pressor response to normoxic and hypoxic exercise. These results show that the overall ability of sympathetic activity to effect vasoconstriction is enhanced by hypoxia, and they lay a foundation for future work to understand hypoxia-mediated alterations in the integrated balance between chronotropic, sympathetic, and neurovascular mechanisms. 
